Background: Published decision analyses show that screening for colorectal cancer is cost-effective. However, because of the number of tests available, the optimal screening strategy in Canada is unknown. We estimated the incremental cost-effectiveness of 10 strategies for colorectal cancer screening, as well as no screening, incorporating quality of life, noncompliance and data on the costs and benefits of chemotherapy.
C olorectal cancer is the fourth most common cancer diagnosed in North America and the second leading cause of cancer death. 1, 2 An effective populationbased screening program is likely to decrease mortality associated with colorectal cancer [3] [4] [5] [6] through earlier detection and to decrease incidence by allowing removal of precursor colorectal adenomas. 7, 8 Professional societies and government-sponsored committees have released guidelines for screening of average-risk individuals for colorectal cancer by means of several testing options. [9] [10] [11] [12] These tests vary in sensitivity, specificity, risk, costs and availability. With no published studies designed to directly compare screening strategies, decision analysis is a useful technique for examining the relative cost-effectiveness of these strategies. [13] [14] [15] [16] [17] [18] [19] [20] [21] Previous studies have shown that screening for colorectal cancer is cost-effective at conventional levels of willingness to pay, but no single strategy has emerged as clinically superior or economically dominant. 22 The interpretations of economic evaluations in this area have been limited because investigators have not simultaneously accounted for the positive effects of screening on quality of life, the effect of noncompliance with screening schedules, and the greater efficacy and cost of more modern chemotherapy regimens for colorectal cancer. Furthermore, no study has included all of the strategies recommended in the 2008 guidelines of the US Multi-Society Task Force on Colorectal Cancer. 10 Our objective was to estimate the incremental costeffectiveness of 10 strategies for colorectal cancer screening, as well as the absence of a screening program. The current study is more complete than earlier studies because we included information on quality of life, noncompliance with screening and the efficacy observed in recent randomized trials of colorectal cancer treatments. The complete model is available in Appendix 1 (available at www.cmaj.ca/cgi /content /full /cmaj.090845/DC1). This article focuses on the comparison of no screening and three screening strategies: 1 low-sensitivity guaiac fecal occult blood test, 2 performed annually; fecal immunochemical test, 3 performed annually; and colonoscopy, performed every 10 years. These three tests are currently being used or considered for populationbased screening of average-risk individuals in some Canadian provinces.
Analyses
We estimated the incremental costeffectiveness ratios for each strategy. The numerators were the differences in costs for each strategy relative to the preceding strategy (ranked in order of effectiveness), and the denominators were the differences in quality-adjusted life-years in hypothet ical cohorts of 100 000 individuals undergoing screening. We used deterministic and probabilistic sensitivity analyses to assess uncertainty associated with the input parameters. We also calculated net health benefits, which are presented in cost-effectiveness acceptability curves. 25, 26 
Results

Base-case analysis
In the base case (50-year-old individuals at average risk for colorectal cancer participating in one of the screening strategies or no screening), the mean number of life-years ranged from 31.08 for no screening to 31.47 for colonoscopy every 10 years. After adjustment for the utility and discount on future life-years, the mean number of discounted, qualityadjusted life-years ranged from 15.20 for no screening to 15.32 for colonoscopy every 10 years, with the mean discounted cost of screening for and treating colorectal cancer ranging from $783 for no screening to $1529 for colonoscopy every 10 years ( Table 2 ). All 10 screening strategies for colorectal cancer increased the number of quality-adjusted life years and were more costly than not screening (Appendix 1, available at www.cmaj.ca/cgi /content /full /cmaj .090845 /DC1). Of the three screening tests currently used in Canada, colonoscopy every 10 years was both the most effective and the most costly strategy ( Figure 2 ). The cost of annual per formance of the fecal immunochemical test was slightly more than the cost of annual performance of the low-sensitivity guaiac fecal occult blood test and yielded a higher quality-adjusted life expectancy. The incremental cost per quality-adjusted lifeyear gained for colorectal cancer screening ranged from $611 with annual fecal immunochemical testing through $6133 for colonoscopy every 10 years to $9159 for annual lowsensitivity guaiac fecal occult blood testing. Table 3 shows the decrease in incidence and mortality associated with colorectal cancer in hypothetical cohorts of 100 000 average-risk persons starting each strategy at age 50 years. In the cohort not undergoing screening, colorectal cancer was diagnosed in 6257 individuals during their lifetimes, and 3814 died of this disease. In cohorts undergoing screening, the decrease in mortality rate associated with colorectal cancer ranged from 55% for annual lowsensitivity guaiac fecal occult blood test to 83% for colonoscopy every 10 years, and the decrease in incidence of colorectal cancer raned from 44% for annual lowsensitivity guaiac fecal occult blood test to 81% for colonoscopy every 10 years. The cost (in 2007 Canadian dollars) to screen 100 000 individuals ranged from about $63 million to about $76 million dollars over the lifetime of the cohort. 
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Figure 2: Cost-effectiveness plane for not screening and for three strategies for colorectal cancer screening. The graph plots the cost of the various strategies against average discounted qualityadjusted life expectancy. 
Sensitivity analysis
The one-way and probabilistic sensitivity analyses and net benefits analysis comparing all 10 colorectal cancer screening strategies and no screening are available in Appendix 1 (available at www.cmaj.ca/cgi /content/full/cmaj .090845 /DC1). In the one-way sensitivity analysis, the model was sensitive to variations in sensitivity of the test to detect advanced adenoma, cost of the test, compliance with screening and cost of cancer care. In general, as the sensitivity of the test to detect advanced adenomas rose, the cost of the strategy decreased and its effectiveness increased. For instance, if the sensitivity for advanced adenomas was greater than 56% for the fecal immunochemical test or less than 17% for the lowsensitivity guiaic fecal occult blood test, then the annual fecal immunochemical test dominated. If the cost of the fecal immunochemical test rose beyond $36, then this strategy was dominated by colonoscopy performed every 10 years. In contrast, colonoscopy costing less than $360 dominated the other strategies. Under no circumstances was colonoscopy every 10 years dominated by one of the other strategies.
Decreased compliance with screening was associated with a decrease in the cost and effectiveness of a strategy. Table 4 shows the one-way sensitivity analysis of each screening test while the compliance of the other tests was held constant at 73% (the base-case value derived from the literature). When compliance with the fecal immunochemical test was less than 71% or compliance with the low-sensitivity guaiac fecal occult blood test was greater than 77%, the annual fecal immunochemical test was less costly than and dominated the annual low-sensitivity guaiac fecal occult blood test. Increasing the cost of cancer care increased the cost of each strategy. Because of the similar costs of the fecal tests, a relatively larger increase in the cost of annual low-sensitivity guaiac fecal occult blood test led to this strategy being dominated by annual fecal immunochemical test. More informatively, when the cost of treating localized cancer was increased, the cost of strategies with a higher sensitivity for detecting advanced adenoma rose less, as a result of cancer being prevented. This effect was not seen when the cost of treating regional or distant colorectal cancer was varied. The gain in quality-adjusted life years estimated with each strategy was adjusted for the cost and a hypothetical payer's willingness to pay. The probability that a strategy is cost-effective (y axis) relative to alternative strategies is shown for a range of willingness to pay, up to $100 000 per qualityadjusted life-year gained (x axis). Note: NA = not applicable. *The average cost incurred and quality-adjusted life-years realized by each individual. †Incremental cost effectiveness ratio = incremental cost/incremental quality-adjusted life-years.
Research
The probabilistic sensitivity analysis did not change the ranking of strategies, and no strategy was dominant ( Table  5) . The difference in incremental cost-effectiveness ratios from the base-case analysis (Table 3 ) was due to changes in the effectiveness of annual low-sensitivity guaiac fecal occult blood test, which reflected the large degree of uncertainty about test performance. At a willingness-to-pay of $50 000 per quality-adjusted life-year gained, the likelihood of the strategies being cost-effective was 85% for colonoscopy every 10 years and 15% for annual fecal immunochemical test (Figure 3) . Annual low-sensitivity guaiac fecal occult blood test contributed less than 1% over a range of willingness-to-pay up to $100 000 per quality-adjusted lifeyear gained.
Interpretation
Comparison with other studies The current analysis is consistent with earlier studies 22 in demonstrating that screening for colorectal cancer is costeffective relative to not screening, according to the conventionally accepted benchmark of willingness-to-pay of $50 000 per life-year gained. 27, 28 Furthermore, the proportion of cancer cases prevented was comparable to that reported in previous studies. 22 In addition, the current model produced reductions in mortality and incidence of colorectal cancer similar to those reported from a microsimulation model of colorectal cancer 29 used to inform the 2008 US Preventive Task Force recommendations for colorectal cancer screening.
12
Limitations
This study was subject to important limitations. Model-based economic evaluation depends on the data available in the medical literature, which is constantly evolving. As new information becomes available, the results of the current analysis will have to be updated. The natural history of colo rectal cancer is based on assumptions regarding the progression from adenoma to carcinoma and the transition time from a low-risk polyp to a malignant neoplasm. We did not include the possibility of regression of polyps. 30 We also did not model malignancies arising from lesions other than polyps, as quantitative estimates of this phenomenon have not been published, and some screening tests may detect nonpolypoid dysplasia. Other limitations were related to incorporating the following untested assumptions: characteristics of test performance would remain constant on repeat testing, incidence of adenoma would be unaffected by screening and compliance with testing was random. The potential impact of these limitations on the results and interpretations is reported in Appendix 1 (available at www.cmaj.ca/cgi/content /full /cmaj .090845 /DC1). The model did not incorporate the costs of establishing the infrastructure to implement population-based screening for colorectal cancer. The model was developed from the perspective of a third-party payer, such as a provincial ministry of health, the organization that decides on funding for a provincial screening program for colorectal cancer. For this reason, lost productivity costs, which are necessary to determine the societal perspective, were not incorporated.
Although our results reflect a Canadian perspective, the observations and interpretation may be relevant to other jurisdictions with similar health care systems. However, direct comparisons may be limited by differences in costs of the screening tests and of newer chemotherapy agents. For example, in the United States, which has high-quality cost data, the costs of screening tests for colorectal cancer, 20, 21 as well as the costs of cancer care, 31 are higher than in Canada. In the present study, the range of the sensitivity analysis did incorporate published US costs of screening tests and chemotherapy (Appendix 1, available at www.cmaj.ca/cgi/content/full/cmaj .090845/DC1).
Conclusion
Screening of average-risk individuals for colorectal cancer is a cost-effective measure, even with less-than-perfect compliance. Recognizing that decisions about screening for colorectal cancer depend on local resources and individual patient preferences, either an annual high-sensitivity fecal test, such as a fecal immunochemical test, or colonoscopy every 10 years offer good value for money in Canada.
This article has been peer reviewed.
